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Observations of reflected ions and plasma turbulence
for satellite potentials greater than the ion ram energy

K.H. Wright, Jr.,' N.H. Stone,? J. Sorensen,' ].D. Winningham’, and C. Gurgiolo*

Abstract. During the TSS-1R mission, the behavior of the
ions flowing from the forward hemisphere of the Tethered Sat-
ellite System (TSS) satellite was examined as the potential on
the satellite was changed from below to above 5 V. The ram
energy of the ambient atomic oxygen ions is ~5 eV. For satel-
lite potentials <5 V, no ions were observed on the ram side of
the satellite. When the satellite potential was raised >5 V, ions
were observed to be flowing from the forward region of the sat-
ellite. In the region sampled, the ion flux was a few percent of
the ambient with energies of ~5 eV. The temperature of the out-
flowing ions was observed to be enhanced, relative to the am-
bient ionosphere. The net current to the probe package became
much more noisy for satellite potentials >5 V as compared
with satellite potentials <5 V, indicating a more disturbed
plasma environment.

1. Introduction

The deployment of a tethered satellite upward from the Or-
biter results in a positive bias on the satellite which attracts
electrons from the ionospheric plasma. During the latter part
of the satellite deployment, various operations of the TSS were
performed which allowed the satellite to charge from very low
voltages to >1 kV. In this paper, observations of ions in the
vicinity of the satellite as it was charged to low voltages will
be reported. Emphasis will be placed on ion measurements ob-
tained upstream from the satellite.

Various theoretical treatments of current collection by
charged bodies in space plasmas have neglected the motion of
the body through the plasma [e.g., Parker and Murphy, 1967].
The TSS experiment has motivated researchers to explicitly
consider the relative motion between a body and its environ-
mental space plasma [e.g., Singh and Vashi, 1990]. During the
first flight of the TSS in 1992, the satellite was deployed only
a short distance, was not allowed to spin, and only charged
once to a potential >5 V. A 5 V potential is significant from
the fact that the ram energy of ionospheric atomic oxygen
(O™"), the dominant ion at the TSS altitude, is ~5 eV. Only mar-
ginal results were obtained as to mechanisms and limits of cur-
rent collection during that first mission. However, the reflight
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of TSS in February 1996 provided an opportunity to examine
the plasma behavior as a function of spin phase at both the
surface of the satellite and one body radius away from its sur-
face as satellite potential transitioned through the critical 5 V
value.

2. Experiment Description

The Research on Orbital Plasma Electrodynamic (ROPE) ex-
periment contained sensors to measure the charged particle en-
vironment surrounding the satellite. These sensors were
mounted on both the satellite surface and at the end of a 0.8 m
fixed boom. Figure 1 shows mounting locations for the Soft
Particle Energy Spectrometers (SPES) and for the Differential
Ion Flux Probe (DIFP). Details of the two types of sensors are
found in Stone et al. [1994].

The ion data presented in this paper were obtained from the
DIFP and SPES-1. The DIFP detects ions by sweeping a 5° win-
dow *60° with respect to its aperture normal in the plane con-
taining the satellite equator (see Fig. 1(b)). Its field of view
perpendicular to the satellite equatorial plane is £45°. SPES-1
is highly collimated, having a geometric factor of only
1.24x1077 c¢m? str, and uses a channel electron multiplier for
amplification. Both the DIFP and SPES-1 instrument normals
lie in the satellite equatorial plane. The two detectors are com-
plimentary, as the SPES-1 is very sensitive but has a narrow
field of view while the DIFP has a wide field of view but is not
as sensitive as SPES-1.

The DIFP and SPES-1 are part of the Boom Mounted Sensor
Package (BMSP) mounted on the end of the fixed boom (see
Fig. 1(a)). The BMSP can be independently, negatively biased
with respect to the satellite in order to place its surface at the
local floating potential. This was accomplished by measuring
the net current to the BMSP surface and then biasing the pack-
age so as to null out the current. Updates of the BMSP current
and wltage occurred once every 64 ms. The range of the BMSP
current monitor is from —60 to 190 pA and the range of BMSP
voltage bias relative to the satellite is from 0 to-500 V. The
BMSP current monitor can be used as a coarse indication of the
presence and nature of disturbances in the local plasma.

When activated during deployment, the satellite attitude
control system maintained the spin rate at approximately 0.25
rpm. The spin direction is indicated in Figure 1(b). In this pa-
per, 0° spin phase is defined as when the BMSP is directly up-
stream from the satellite. The pitch and roll variations experi-
enced amounted to only a few degrees and will be ignored for
the first order analysis presented here. DIFP data are reported
every 1.024 s, which result in a sample every 1.5° to 2° of spin
phase. SPES data are reported every 2.048 s.

3. Case 1Data: Satellite Potential <5V

Several cases exist for the spinning satellite at voltages
<5 V. The case for which the satellite potential approaches
most closely to but remained, <5 V is shown in Figure 2. DIFP
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Figure 1. (a) Mounting arrangement for the ROPE experi-
ment. The geomagnetic field orientation perpendicular to the
satellite equatorial plane is given by B, , ©,,,. (b) Top view
of the satellite as it rotates counterclockwise looking down
along the tether. The + symbol indicates the region of posi-
tive spin phase angles (0°~180°) while the — symbol indicates
the region of negative angles. The orientation of the geomag-
netic field in the spin plane is denoted by B;,, @;,.

ion flux, DIFP ion energy, DIFP ion temperature, BMSP bias
voltage relative to the satellite, and BMSP current are shown
in panels (a)—(e), respectively. The time period for this case is
1996/56/23:51:55-23:55:45 UT. The BMSP voltage can be
interpreted as the charging level of the satellite. However, the
SPES-2 ram ion signature and the SPES-1 and -2 electron
data indicate that the BMSP is 1 to 1.5 V positive with respect
to the local plasma. The satellite potential is, therefore, 1 to
1.5 V higher than the magnitude of the value shown in Figure
2(d). The BMSP current represents the net current collected by
the surface with positive current values, indicating net electron
collection.

The orientation of the geomagnetic field during this time
period had a component in the satellite equatorial plane of
about @, = 144° and a component perpendicular to the equato-
rial plane of about @, = 41° (see Fig. 1). The magnitude of
the geomagnetic field was ~0.32 gauss. The tether current, as
measured by the satellite ammeter, was ~57 mA and was basi-
cally constant throughout the charging event. The ambient
plasma density was in the range 5-7x10% cm™ as determined
by the combined data sets from ROPE and the Research on
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Electrodynamic Tether Effects (RETE) experiment (J.P. Lebre-
ton, private communication).

The main point to emphasize about Figure 2(a) is not where
the ions exist, but rather where they do not exist. For the re-
gion of spin phase, @, covering the forward hemisphere(/©, /
<80°), no ions are observed by the DIFP or by the more sensi-
tive SPES-1. Trace amounts of ions are observed by the DIFP
near the £90° positions, indicating some deflection (or reflec-
tion) of the ambient ion distribution by the positive potential
in the sheath. The variation of the ion parameters in the satel-
lite wake region will be discussed elsewhere. The observed en-
ergies, taking into account the local BMSP sheath, are consis-
tent with the 5 eV ram energy for O ions. It is expected that
some small fraction of the O" ram distribution would be re-
flected at satellite potentials in the range of 3—4 V, but the
lack of observation indicates the amount is below the detec-
tion threshold (1x10° #/cm? e s for the DIFP) and/or the ions
are out of the instruments’ field of view. Variations of the
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Figure 2. Measurements for 1996/56/23:51:55-23:55:45
UT. (a) Log of DIFP ion flux (#/cm? s); (b) DIFP ion energy;
(c) DIFP ion temperature; (d) BMSP bias voltage with respect
to the satellite, and; (¢) BMSP net current. Positive current
indicates net electron collection.
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measured ion energy with spin phase can be caused by varia-
tions in the voltage of the BMSP with respect to the local
plasma and/or the existence of a velocity component perpen-
dicular to the satellite spin plane (the DIFP measurement
plane).

In the forward hemisphere, the BMSP current exhibits only
very small amplitude oscillations. Slightly larger amplitude
oscillations appear at the /©,/~100° position. This angular
location is in the general region of the wake boundary which
can be expected to have oscillatory motions. This finding on
its own is significant to wake studies.

4, Case 2 Data: Satellite Potential >5 V

As it turns out, only one case exists where the satellite po-
tential was in the 5 to 10 V range and the spin phase coverage
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Figure 3. Measurements for 1996/56/23:44:47-23:46:15
UT. (a) Log of DIFP ion flux (#/cm? s) indicated by ** and log
of 100xSPES-1 number flux (#cm? s str) indicated by ‘+’; (b)
ion energy from DIFP (*) and SPES-1 (+); (c) DIFP ion tempera-
ture; (d) BMSP bias voltage with respect to the satellite, and;
(e) BMSP net current.
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of the BMSP passed through the ram hemisphere. Data for this
case, presented in Figure 3, was obtained during the time
1996/56/23:44:47-23:46:15 UT. Ion flux from both DIFP and
SPES-1, ion energy from both DIFP and SPES-1, ion tempera-
ture from the DIFP, BMSP bias voltage relative to the satellite,
and BMSP current are shown in panels (a)—(e), respectively.
The satellite was charged as it rotated from & =-61° to @ =
141°. The plots shown in Figure 3 are truncated at & =

90°. The wake region contains data for both the charged and
uncharged case but is not germane to the discussion here.

The orientation of the geomagnetic field during this time
period, @;,=127° and ©,,=48° and its magnitude, 0.36
gauss, are similar to the previous case. The tether current was
~51 mA and was again basically constant throughout the
charging event. The ambient plasma density was about
3.5%10% cm™3.

Unlike Case 1, ions are observed to be outflowing through-
out the forward hemisphere during Case 2. For the first order
analysis presented here, the variation of the BMSP voltage
with spin phase for —60° <@, < -30° will not be discussed. For
spin phase ©; > -30°, the BMSP voltage indicates a constant
satellite potential while the electron data from SPES-1 and -2
indicate that the BMSP was again 1 to 1.5 V positive with re-
spect to the local plasma. The DIFP ion flux is observed to be
fairly constant throughout the ram hemisphere, changing at
most by a factor of 2, while SPES-1 only detects ions over a
more limited region due to its highly collimated aperture. The
SPES-1 ion number flux data, multiplied by a factor of 100 for
display in Figure 3(a), consist of only a few sweeps where sta-
tistically significant counts were obtained. The value plotted
in Figure 3(a) was derived by integrating the differential num-
ber flux over the range 0.5 to 10 eV. The measured energies,
including the local BMSP sheath, are consistent with 5 eV.

The observed ion flux is in the range of 2%-4% of the am-
bient O* flux. This appears too low, since for an 8-V positive
satellite, all of the ionospheric O" ions should be reflected.
Note, however, that even with the rotation of the DIFP about
the satellite, measurements were made in a very limited region
of the forward hemisphere (i.e., only in the equatorial plane).
The low ion flux observed implies that the reflected ions may
have substantial velocity components normal to the satellite
equatorial plane.

The temperature of the outflowing ions exhibits a surprising
behavior. Temperatures are greater than ambient over most of
the ram region, reaching a maximum of approximately 5 times
ambient at a spin phase of 32°. (The ambient ion temperature
is 0.08 to 0.09 eV.) This places the temperature maximum in a
plane containing the center of the satellite and the normal to
the geomagnetic field. Ion temperature is determined by the
energy analysis section of the DIFP, which is a standard planar
RPA. Very good fits of the data were obtained using the equa-
tion of Whipple [1959], which assumed a Maxwellian distribu-
tion. Whether this apparent temperature enhancement repre-
sents a real heating or shows how a thermal distribution of
ions scatters from a positive potential structure is under study.

The current collected by the BMSP in Case 2 has considera-
bly larger amplitude oscillations than in Case 1. Figure 4
shows the results from applying an FFT to the BMSP current
over the range -60° < ©, < 90° for each case. Recall that the
sample time for the BMSP current is once every 64 ms, which
gives a Nyquist frequency of 8 Hz. In Figure 4(a), two peaks
are seen in the 2—4 Hz range. This represents a beating in the
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Figure 4. FFT of the BMSP current from (a) Figure 2(e) of
Case 1; (b) Figure 3(e) of Case 2.

interactive hardware/software control of the BMSP bias and
current. Most of the spectrum shows basically white noise of
relatively low power. The Case 2 spectrum shown in Figure
4(b) is approximately an order of magnitude greater in power
than for Case 1. The range and sample period of the BMSP cur-
rent was not specifically designed to examine plasma turbu-
lence, but semiquantitatively, the BMSP current behavior indi-
cates a dramatically more disturbed plasma state in Case 2 than
in Case 1. Moreover, this increased “turbulence” is the result
of a small change of only a few volts in satellite potential.
Apparently, the presence of ions flowing away from the satel-
lite plays a role in contributing to this disturbed state. A de-
tailed, quantitative examination of the spectra of electric field
oscillations in the vicinity of the satellite has been performed
by less et al. [1997].

5. Discussion

The “macroscopic view” of current collection by the TSS
satellite is given by the current-voltage characteristic dis-
cussed by Thompson et al. [1997]. The low voltage region of
the curve indicates the existence of a “knee” occurring at ~5 V.
In this paper, a piece of the “microscopic view” of the collec-
tion process has been examined about this critical value. Spe-
cifically, observations in the upstream region of the satellite
have been performed as its voltage transitioned from below to
above 5V. When the satellite potential is <5 V, the plasma
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behavior is fairly quiescent, as indicated by the measurements
presented here. However, as the satellite potential becomes >3
V, a significant change occurs in the upstream environment.
For the area of the ram hemisphere covered by the measure-
ments, ions are observed to reflect from the satellite sheath in
quantities of 2% — 4% of ambient and exhibit an apparent heat-
ing. These effects are seen in numerical simulations (particle-
in-cell technique) [N. Singh, personal communication, 1997].
Upstreaming ions, counter-streaming with respect to the ram
ion flow, can provide a source of free energy to excite lower
hybrid waves [Papadopolous, 1992]. The upstreaming ions are
one part of a complex of processes that ignites as the satellite
sheath becomes >5 V; i.e., dramatic increase in a suprathermal
electron population [Winningham et al, 1997]; increase in the
power spectral density of the wave spectrum [less et al., 1997];
and sheet structure of the local current distribution [Mariani et
al., 1997]. This information should be examined in more de-
tail in conjunction with the behavior ahead of a planetary
magnetopause.
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